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Represented by wind turbines and ultra high-voltage DC (UHVDC), the power-electronic
interfaced power sources participate in fast frequency control, which has a significant
impact on the power system frequency. However, the conventional under-frequency load
shedding (UFLS) scheme doesn’t take into account the impact above, resulting in
unreasonable load shedding after a large loss of generation. To this end, this article
proposes an adaptive UFLS control strategy of power systems with wind turbines and
UHVDC participating in frequency regulation. Firstly, based on the virtual inertia control
model and the primary frequency control model of wind turbines and UHVDC, the study
establishes the simplified frequency response model of the power system considering the
participation of wind turbines and UHVDC in frequency regulation. Furthermore, the impact
of the active power response characteristics of wind turbines and UHVDC participating in
frequency regulation on the magnitude of the active power deficiency is comprehensively
analyzed. Thus the precise estimation of the magnitude of the power deficiency can be
achieved, which provides technical guidance for multi-stage UFLS. Finally, simulation
results demonstrate that the proposed UFLS strategy is capable of reflecting the power
system frequency more objectively after a large loss of generation event. In addition, the
proposed UFLS strategy outperforms the conventional UFLS strategy in terms of shedding
less amount of load when the same desired effect of frequency recovery is achieved.

Keywords: wind turbines, ultra high-voltage DC, under-frequency load shedding, virtual inertia control, primary
frequency control, equivalent inertia constant, actual magnitude of power deficiency

INTRODUCTION

The global electric power industry has been in a transition towards low-carbon sustainability in
recent years. Conventional synchronous generators will be replaced by large-scale renewable energy
sources connected to power systems in the future through power electronic devices (Tian et al., 2021).
As a significant part of renewable energy generation, the development of wind power presents a
large-scale and high-growth trend. By the end of 2020, the global installed capacity of wind power
had reached approximately 743 GW, a 53% growth compared to 2019 [Global Wind Energy Council
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(GWEC), 2021]. The gradual replacement of the source-side

synchronous generators with power electronic devices
intensifies the power-electronization of power systems.
Considering the characteristics of the reverse space

distribution for renewable energy sources and load centers in
some countries and regions, it is imperative to develop long-
distance and large-capacity transmission technologies (Pérez-
Molina et al, 2020). In China, advanced transmission
technologies represented by UHVDC have been applied widely
to the promotion of renewable energy consumption and the
enhancement of the power supply capacity to load centers.
The development of UHVDC transmission accelerates the
growth of large-capacity grid-side power electronic devices.

The tendency towards the source- and grid-side power-
electronization will dramatically decrease the total system
inertia. The frequency stability issues existing in the
conventional power systems are becoming more prominent,
which is corroborated by incidents such as the blackout in
South Australia in September 2016 and the power cut in the
U.K. in August 2019 (Australian Energy Market Operator, 2016;
National Grid ESO, 2019). To arrest cascading failures and
blackouts after a large disturbance occurs in the power grid,
UFLS is fully used as the last defense line of the frequency stability
control. Generally, we can group all the UFLS schemes into three
main categories: conventional UFLS, semi-adaptive UFLS, and
adaptive UFLS (Kundur, 2001). In the conventional UFLS
schemes, the stages of load shedding, the frequency thresholds
of the stages, the time delay, and the load shedding amount are all
predefined. Once the frequency drops below the frequency
threshold, load shedding is implemented after a certain time
delay. The settings of the conventional UFLS schemes derive from
assorted presumed power grid parameters including the total
system inertia (Horowitz and Phadke, 2008). The time-variant
characteristics of the power systems, as well as limited stages and
discreteness of load shedding, contribute to the inadaptability of
the conventional UFLS schemes to all the system operating
conditions. Consequently, it is prone to over- or under-
shedding (Sigrist et al.,, 2012; Rudez and Mihalic, 2016).

To surmount the problems above, numerous scholars have
been devoted to the research on semi-adaptive and adaptive UFLS
schemes. The load to be shed is determined by the frequency
deviation and the rate of change of frequency (RoCoF) in the
semi-adaptive UFLS schemes (Anderson and Mirheydar, 1992).
In the first stage of load shedding, the amount of load to be shed is
calculated based on the swing equation. For the subsequent
stages, however, the load shedding amount is predefined. Load
shedding is triggered according to the frequency deviation.
Hence, semi-adaptive UFLS schemes can not be immune to
the problem of inappropriate load shedding. To fill the gap,
adaptive UFLS schemes are proposed. The progress of widearea
monitoring system (WAMS) technology promotes several
adaptive UFLS schemes (Terzija, 2006; Abdelwahid et al,
2014; Tofis et al, 2017). The amount of load shedding is
determined by taking advantage of the valuable information
provided by WAMS. In addition, numerous scholars pay
attention to the thorough and often mathematically complex
modification of the entire UFLS (Skrjanc et al, 2021). In
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(Hoseinzadeh et al., 2015), a voltage deviation of load buses is
used to determine the threshold of each UFLS relay. On the
contrary, a continuous UFLS scheme to shed loads in proportion
to the frequency deviation is proposed in (Li et al., 2020).

It can be observed from the summarization of the research
results that, although massive remarkable work has been done from
various angles, there are scarcely any studies on the actual impact of
the power-electronic interfaced power sources represented by wind
power and UHVDC participating in fast frequency control
(Eriksson et al, 2018) on UFLS. In modern power systems,
wind turbines mainly use rotor speed control to improve the
inertia and primary frequency regulation ability of the system,
while variable pitch angle control and matching energy storage
system are adopted to improve the rotating reserve capacity of
wind farms participating in the system frequency regulation
(Vidyanandan and Senroy, 2013; Van de Vyver et al, 2016; Ye
etal, 2016; Lyu etal., 2019). In (Li et al., 2017), the impact of virtual
inertia response, as well as the characteristics of the under-
frequency protection and the power output on the UFLS
scheme, are investigated. The UFLS scheme is optimized
according to the dynamic calculation of the magnitude of the
power deficiency. As one of the main power supplies in the future
power grid, wind turbines are required to take the responsibility for
frequency regulation by many power systems operators. A UFLS
scheme considering the virtual inertia response and the primary
frequency control of doubly fed induction generator (DFIG)-based
wind turbines is proposed in (Li et al., 2019), which reflects the
frequency characteristics of the power grid more objectively.
Moreover, the amount of load to be shed in the scheme is less.
For UHVDC transmission systems, the characteristics of large
transmission capacity and fast power regulation speed make it
possible to participate in frequency regulation, which is of great
significance to ensure the frequency safety of the power grid. The
frequency regulation mechanism, response characteristics,
parameter tuning method and limiting factors are quite
different from those of wind power generation systems. In
(Prakash et al., 2019), an auxiliary frequency control strategy
with additional frequency control and automatic generation
control for HVDC transmission is presented. In (Ambia et al,
2021), a novel adaptive droop control strategy is proposed to
provide power sharing and frequency regulation in HVDC
systems. Though the research results above are of great
significance in supporting the system frequency stability, none
of them makes an attempt to use UHVDC transmission systems to
provide inertia support. To address the issue, the coordinated
frequency control proposed in (Shi et al, 2021) is realized by
introducing the virtual inertia control on the basis of the frequency
droop control.

From the analysis above, it is obvious that the participation of
wind turbines and UHVDC in frequency regulation shows a great
favorable influence on the frequency characteristics of the power
grid. However, none of the existing UFLS schemes take into
account the actual effect of frequency regulation with the
participation of wind turbines and UHVDC. On one hand, the
virtual inertia response of wind turbines and UHVDC leads to the
alteration of the equivalent inertia of the power grid, further
influencing the calculation of the magnitude of the power
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FIGURE 1 | Overall scheme of the proposed UFLS control strategy.
deficiency. On the other hand, the primary frequency control of ~ regulation by means of virtual inertia control and primary
wind turbines and UHVDC can offset the power deficiency.  frequency control. However, the existing UFLS schemes do
Ignoring the offset will bring about the problems of over-  not take into account the situation, which possibly causes
shedding and economic loss. Therefore, the existing UFLS  frequency trajectory distortion and unreasonable load
schemes are not applicable to the modern power system with ~ shedding. To address the issue, this paper proposes an
wind turbines and UHVDC participating in frequency regulation. ~ adaptive UFLS control strategy of power systems with wind
It is urgent to solve the issue for the sake of the frequency safety of ~ turbines and UHVDC participating in frequency regulation.
the power grid. The overall scheme of the strategy is shown in Figure 1.

This article proposes an adaptive UFLS control strategy of the It can be seen from Figure 1 that, this paper firstly simplifies
power system with wind turbines and UHVDC participating in ~ the detailed models of synchronous generators, wind turbines,
frequency regulation. Firstly, based on the virtual inertia control =~ UHVDC and load. Afterward, the equivalent frequency response
model and the primary frequency control model, we establish the ~ model of the power system considering the virtual inertia control
simplified frequency response model of the power system  and the primary frequency control of the wind turbines and
considering the participation of wind turbines and UHVDC in =~ UHVDC is obtained. Based on the detailed models and the
frequency regulation. Then the impact of the active power  equivalent frequency response model, this paper analyzes the
response characteristics of wind turbines and UHVDC  two main effects which are brought about by the integration of
participating in frequency regulation on the magnitude of the  large-scale wind power and UHVDC on the power grid. For one
power deficiency is comprehensively analyzed. Afterward, inlight  thing, the virtual inertia control of the wind turbines and
of the estimation result of the magnitude of the power deficiency, =~ UHVDC changes the equivalent inertia constant of the power
the amount of load to be shed in the multi-stage UFLS scheme is  grid H,,, thus influencing the calculation result of the magnitude
determined. Finally, simulation results are presented and  of the power deficiency APj ; when the system frequency reaches
discussed to illustrate the outperformance of the proposed  the frequency threshold of the first stage f. For another, after the
UEFLS control strategy. primary frequency control of the wind turbines and UHVDC is

taken into account, AP; refers to the active power provided not
only by the primary frequency response of the synchronous
OVERALL SCHEME OF THE PROPOSED generators and the effect of load regulation, but also the
UNDER-FREQUENCY LOAD SHEDDING primary frequency response of the wind turbines and
CONTROL STRATEGY UHVPC. This 1'mpact is rc?ﬂected in the egulvalent power
regulation coefficient k4. This coeffecient k.4 includes the unit
After the integration of a high proportion of wind power and  power regulation of the synchronous generators and the load, as
UHVDC, wind turbines and UHVDC participate in frequency  well as the droop control gain of the wind turbines and UHVDC
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participating in primary frequency control. Thus AP; needs to be
revised when compared to the situation without considering the
primary frequency control of the wind turbines and UHVDC.
Finally, this paper precisely calculate the amount of load to be
shed of UFLS based on AP, ; and AP; to achieve the frequency
recovery of the power system.

CONTROL MODELS OF WIND TURBINES
AND ULTRA HIGH-VOLTAGE DC
PARTICIPATING IN FREQUENCY
REGULATION

Control Model of Wind Turbines
Participating in Frequency Regulation
Taking DFIG-based wind turbines as an example, the control
model of the wind turbines participating in frequency regulation
is analyzed and established considering the virtual inertia control
and the primary frequency control.

DFIG-based wind turbines lack intrinsic inertia from the
system aspect for the reason that their mechanical rotor speed
is decoupled with system frequency. However, by introducing
an auxiliary virtual inertia control loop in the maximum
power tracking loop of the DFIG rotor-side convertor, the
wind turbines can also supply the power grid with the virtual
inertia response. The rate of change of frequency, i.e. d f/dt, is
the input of the virtual inertia control. The system frequency
drops when the power grid suffers a power deficiency. The
virtual inertia control shares part of the power deficiency by
rapidly augmenting the active power output of the wind
turbines. The active power increment AP;,yr comes from
the released kinetic energy, as expressed in Eq. 1. It is
conducive to alleviating the sudden change in the
frequency of the power grid. The virtual inertia control
provides the wind turbines with the ability to support the
total system inertia.

‘l-f
APir = ~Kinwi—- 1

Where k;wr is the inertia time constant of the wind turbines;
f is the system frequency.

Similar to the droop control of synchronous generators, the
primary frequency control of the wind turbines is designed in this
study. The frequency deviation, i.e. f — fom, is the input of the
primary frequency control. When the system frequency drops
due to the power deficiency, the active power increment provided
by the wind turbines can be expressed as

APy = _deF (f _fnom) (2)

Where kawr is the droop control gain of the wind turbines
participating in the primary frequency control; f o, is the system
nominal frequency.

The control model of the wind turbines participating in
frequency regulation combines the virtual inertia control and
the primary frequency control holistically. Figure 2 shows the
control block diagram.

UFLS Considering WTs and UHVDC

Ky
f > > _kaF
1+7s
i +
nom —' 5 > > k
dWF

FIGURE 2 | Control block diagram of wind turbines participating in
frequency regulation.

In Figure 2, T is filter time constant; APy is the active power
increment provided by the control model of wind turbines
participating in frequency regulation, as expressed in Eq. 3.

d
APy = _deF (f _fnom) - kinWFd;i (3)

Control Model of Ultra High-Voltage DC
Participating in Frequency Regulation

At present, the participation of UHVDC transmission systems
in frequency regulation mainly includes two frequency control
modes based on the PI controller and the droop controller,
respectively. In this article, the frequency control mode based
on the droop controller is used as the primary frequency
control of UHVDC. The control block diagram is shown in
Figure 3.

In Figure 3, T} and T, are filter time constants; kypc is the
proportional coefficient of UHVDC; AP;pc is the active power
increment of UHVDC participating in primary frequency
control.

By introducing the virtual inertia control on the basis of the
regular droop control, UHVDC is capable of participating in the
process of the system inertia response. It helps to reduce the rate
and range of the frequency deviation when the power grid suffers
a huge power deficiency. The active power increment APpc
provided by UHVDC participating in frequency regulation can
be expressed as follows:

APpc = _deC (f _fnom) - kinDC% (4)

Where k;,pc is the differential coefficient of UHVDC.

Similar to the control model of wind turbines participating in
frequency regulation established in Section 3.1, the droop control
of UHVDC is mainly in response to the frequency deviation,
while the virtual inertia control of UHVDC is mainly in response
to the frequency differential quantity. Thus UHVDC can
simultaneously participate in the process of the inertia
response and the primary frequency control, the same as
synchronous generators.

As shown in Figure 4, typical HVDC transmission system
mainly consists of rectifier station, DC tansmission line and
inverter station. In this paper, the virtual inertia control and
the primary frequency control of UHVDC can be realized by
modifying the UHVDC control systems. Ppc_r.s is the active
power reference value of UHVDC, and Pp is the active power
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which needs to be provided by UHVDC. Af is the system
frequency deviation.

The power regulation of UHVDC systems is rapid enough to
ensure that the response time is no longer than 150 ms after a
power step disturbance occurs. The frequency regulation process
of the power system belongs to the electromechanical transient
process, of which the timescale is usually second level. Therefore,
the regulation process of the UHVDC systems can be neglected in
the process of analyzing the UHVDC frequency regulation

mechanism, and the UHVDC transmission power strictly
tracks the reference command. In addition, the effects of the
filtering link, the deadband link, and the power amplitude
limiting link are further neglected to simplify the analyzing
process.

Based on the analysis above, the equivalent frequency
response model of the power system including the virtual
inertia control and the primary frequency control of wind
turbines and UHVDC is shown in Figure 5. Where Af.y is
the system frequency deviation reference value; Pr_,.s is the
load power reference value; Rgs is the equivalent droop
parameter of the power grid; Tg is the main servo time
constant; Tcy is the time constant of main inlet volumes and
steam chest; Try is the time constant of reheater; Fyp is the
fraction of total turbine power generated by high pressure (HP)
sections; H,,; and D are the inertia constant and the damping
coefficient of the equivalent generator of the power grid,
respectively; P, is the mechanical power provided by the
synchronous generators in the power grid; P; is the load
power of the power grid; Pwr_r.r and Ppc_r.s are the active
power reference value of wind power and UHVDC, respectively;
Pwr and Ppc are the active power provided by wind power and
UHVDOGC, respectively; APy, is the actual magnitude of the active
power deficiency.

Assume that a sudden increase of load occurs and results in a
power deficiency APg,. Based on Figure 5, the equivalent rotor
motion equation of the power system (transferred into the time
domain equation) can be represented as
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a2

eq dt Pm0+APm+APWF+APDC—P0

- DAf - AP,
€

where P, and P, are the initial mechanical power and
electromagnetic power of the power system, respectively; AP,
is the mechanical power increment provided by the synchronous
generators; APy and APpc are the power increment provided
by the wind power and UHVDC, seperately.

ADAPTIVE UNDER-FREQUENCY LOAD
SHEDDING CONTROL STRATEGY OF
POWER SYSTEMS WITH WIND TURBINES
AND ULTRA HIGH-VOLTAGE DC
PARTICIPATING IN FREQUENCY
REGULATION

The participation of the wind turbines and UHVDC in frequency
regulation of the power system affects UFLS mainly from two
aspects as follows: 1) The virtual inertia control provides the wind
turbines and UHVDC with virtual inertia and changes the
equivalent inertia of the power grid, thus influencing the
calculation of the magnitude of the power deficiency. 2) The
primary frequency control of the wind turbines and UHVDC
offsets part of the magnitude of the power deficiency
corresponding to the steady-state frequency deviation, which
contributes to less amount of load to be shed. In conclusion,
both the virtual inertia control and the primary frequency control
influence the calculation result of the total amount of load to be
shed in the UFLS scheme.

Dynamic Calculation of the Magnitude of

the Power Deficiency

When we study the frequency characteristics of the power system
integrated with wind power and UHVDC, one of the difficult
problems we face with is the calculation of the system equivalent
inertia constant H,,. For most situations, the inertia constant of
the synchronous generators is a definite number. However, it is
hard to analyze and calculate the equivalent inertia constants of
the wind turbines and UHVDC. In the adaptive UFLS schemes,
the actual magnitude of the power deficiency is commonly
calculated as follows

APy = (6)

It is obvious from Eq. 6 that we can calculate H,, precisely
after we obtain the power disturbance variation AP around the
time when the operating status of the power system chan es or

the disturbance occurs, as well as the RoCoF of Col f"‘, as
expressed in Eq. 7.
AP f nom
H, =
T dfc )
dt

UFLS Considering WTs and UHVDC

Furthermore, in order to reduce the error of calculating the
equivalent inertia constant H,;, the study employs the method as
follows: by maintaining the current operating state of the power
system unchanged and setting L different and known power
disturbance variation AP, the corresponding RoCoF of Col df =
can be calculated. Solve all the values of the equivalent inertia constant
H.y 1 correponding to APy; according to Eq. 7. Then calculate the
mean value of He,; as the setting value of the equivalent inertia
constant of the power system, which can be represented as

Heql APset lfnom
H, =
1 ,Z L ca (8)
dt

After the system equivalent inertia constant H,, is obtained,
calculate the actual magnitude of the power deficiency APy at
the time when the system frequency drops to the frequency
threshold in the first stage of UFLS.

Assume that the steady-state frequency after UFLS is f,. As
fs < frnom> the steady-state frequency deviationis A fs = f — fom-
Considering the participation of the wind turbines and UHVDC in
primary frequency control, AP; refers to the active power provided
by the primary frequency control of the synchronous generators,
the wind turbines, and UHVDC, together with the effect of load
regulation, as expressed in Eq. 8.

AP, = —(kp + kg + kawr + kapc)A f s ©)

where k;, and kg are the unit regulation power of the load and the
synchronous generators, respectively.

Then the total amount of load to be shed P, " can be
calculated as (Yang, 2007)

shed Z -

where Py is the load of the power grid in the steady state; A f7 is
the per unit steady-state frequency deviation.

Then the total amount of the load will be shed by stages. It is
obvious from Eq. 9 that the primary frequency control of the
wind turbines and UHVDC leads to the increase in their active
power output in steady state, thus reducing APp;.

APy — (ky + kg + kawr + kapc)PrAf
1— (kp + kg + kawr + dec)Af:

(10)

Implementation Strategy of

Under-Frequency Load Shedding

Firstly, determine the stages, frequency thresholds, load shedding
percentage in each stage, and steady-state recovery frequency in
the UFLS control strategy.

In the process of UFLS, the first frequency threshold should
not exceed 49.25 Hz to fully use the rotating reserve capacity
of the power system. The typical frequency difference between
the stages is 0.2~0.25 Hz and 5~8 stages are commonly set.
Based on the UFLS schemes of actual power grids, this paper
sets four basic stages with the corresponding frequency
thresholds of 49.2, 49.0, 48.8, 48.6 Hz, and the time delay
of 0.2 s. The load shedding percentages in the basic stages are
20, 25, 25, and 30%, separately.
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FIGURE 6 | Flowchart of the proposed UFLS control strategy.

Afterward, determine the location and the amount of load to
be shed in the UFLS control strategy.

In the actual operation of UFLS, the load of the scattered nodes
needs to be shed. The load shedding location can be selected and
the load shedding amount can be allocated based on the load
shedding sensitivity index (Yang and Cai, 2016). The load
shedding amount of the n th node of the power grid APgq,
can be determined as

AP shed,i (/5"

APshed,n ="SN (11)
Zn:l ¢”

UFLS Considering WTs and UHVDC

where APg,.q; is the total amount of load to be shed in the i th
stage; ¢, is the load shedding sensitivity of the load node, directly
related to the electrical distance from the load node to the
disturbance node; N is the total number of the load nodes.

Finally, design the UFLS implementation strategy.

In this study, the UFLS control strategy is implemented as
shown in Figure 6. The corresponding steps can be described as
follows:

1) Set the frequency threshold f; and the load shedding
percentage k; in each stage. Predefine the steady-state
recovery frequency f,. Calculate AP, according to Eq. 9.
Seti=1.

2) Detect the frequency state of the power system. If % <0and
f < fi, then calculate the equivalent inertia constant of the
power system H.q by using the method proposed in Section
4.1. Then based on H,, and d’;i“’ , the actual magnitude of the
power deficiency at the time when the system frequency drops
to the first frequency threshold AP, ; can be obtained
according to Eq. 6.

3) On the basis of AP, ; and Eq. 10, calculate the total amount of
load to be shed AP, 4y in the UFLS control strategy.

It can be seen from Figure 6 that when the system frequency
reaches the threshold of the i th stage, i.e. f < f;, UFLS is started
in accordance with the load shedding percentage in each stage k;.
After completing load shedding in the i th stage, detect the system
frequency. If % <0and f < fi,y, it is clear that the load shedding
amount is not enough to avoid the frequency from declining.
Then the next stage of UFLS is triggered. Conversely, it means
that load shedding has already restrained the descending of the
system frequency. The frequency does not fall below the
frequency threshold in the (i+1) th stage. The UFLS
process ends.

SIMULATION ANALYSIS

In this section, simulations are carried out on the IEEE 39-bus test
system. Power System Analysis Synthesis Program (PSASP)
developed by China Electric Power Research Institute is used
to conduct the simulation studies. The single-line diagram of this
test system is provided in Figure 7. Suppose that DFIG-based
wind turbines are connected at Bus 34 and Bus 36 replacing the
thermal generators with equal active power output. A UHVDC
transmission line with a rated active power output of 1000 MW is
connected to the system at Bus 18, replacing the thermal
generators at Bus 30 and Bus 32. To achieve the power
equilibrium, we also reduce the active power output of the
thermal generator at Bus 31. Both the wind turbines and
UHVDC have the abilities of virtual inertia control and
primary frequency control. We set the available capacity of the
wind turbines for frequency regulation as 10% of their rated active
power (Lyu et al,, 2021). The available capacity of UHVDC for
frequency regulation is set as 5% of its rated active power (Zhao,
2004).
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FIGURE 7 | Single-line diagram of the IEEE 39-bus test system with wind turbines and UHVDC.

Impact of Wind Turbines and Ultra
High-Voltage DC Participating in Frequency
Regulation on Frequency Response

In this case, when t = 55, a 300 MW load surge at Bus 21 occurs.
This disturbance is used to imitate the power deficiency caused by
new energy or conventional generators off-grid. Simulate and
compare the effects of four frequency control modes on the
system frequency response after the disturbance: 1) both the
wind turbines and UHVDC participate in frequency regulation;
2) only the wind turbines participate in frequency regulation; 3)
only UHVDC participates in frequency regulation; 4) neither the
wind turbines nor UHVDC participates in frequency regulation.
The simulation results are shown in Figure 8.

It is revealed from Figure 8 that when neither the wind
turbines nor UHVDC participates in frequency regulation, the
maximum frequency deviation is the largest and the steady-state
frequency is the lowest of the four frequency control modes.
Besides, the frequency nadir drops below 49.2 Hz, violating the
frequency threshold of the first stage. Once the wind turbines or
UHVDC participates in frequency regulation, the absolute
maximum frequency deviation decreases by 0.4 Hz, and the
steady-state frequency is higher. When both the wind turbines
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FIGURE 8 | Frequency curves under different frequency control modes.

and UHVDC participate in frequency regulation, the maximum
frequency deviation and the steady-state frequency deviation are
the minima. It can be inferred that the participation of the wind
turbines and UHVDC in frequency regulation can effectively
ameliorate the system frequency characteristics. The combined
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FIGURE 9 | Frequency curves under different UFLS schemes
considering different virtual inertia control modes.

action of the virtual inertia control and the primary frequency
control significantly decreases the maximum frequency deviation
and the steady-state frequency deviation. Thus the dynamic
process and the trajectory of the system frequency are notably
impacted by the participation of the wind turbines and UHVDC
in frequency regulation.

Impact of Virtual Inertia Control of Wind
Turbines and Ultra High-Voltage DC on

Under-Frequency Load Shedding

For cases in Sections 5.2, 5.3, and 5.4, a 780 MW load surge at Bus
21 at the time t = 55 is used as the disturbance to imitate the
power deficiency caused by new energy or conventional
generators off-grid.

In this case, both the wind turbines and UHVDC in the test
system possess the capability of virtual inertia control actually.
However, to illustrate the impact of the virtual inertia control of
the wind turbines and UHVDC on UEFLS, we consider four
different situations in the process of formulating four UFLS
schemes respectively: 1) both the wind turbines and UHVDC
participate in virtual inertia control; 2) only the wind turbines
participate in virtual inertia control; 3) only UHVDC participates
in virtual inertia control; 4) neither the wind turbines nor
UHVDC participates in virtual inertia control. Then the four
UFLS schemes are implemented on the same test system in which
both the wind turbines and UHVDC participate in virtual inertia
control, separately. The simulation results are shown in Figure 9
and Table 1.

It can be seen from Figure 9 and Table 1 that, the steady-
state recovery frequency in scheme 1 is the highest, followed by
scheme 3 and scheme 2, while in scheme 4 is the lowest. The
reason is that for one thing, the virtual inertia control of the
wind turbines and UHVDC is considered in scheme 1 so that
the calculated inertia constant H,, is the largest. However,
scheme 2 only accounts for the virtual inertia control of the
wind turbines, and scheme 3 only takes the virtual inertia
control of UHVDC into account. Thus the calculated H,,; in
scheme 2 and scheme 3 is less. As scheme 4 does not consider

UFLS Considering WTs and UHVDC

TABLE 1 | Results of different UFLS schemes considering different virtual inertia
control modes.

UFLS scheme Steady-state frequency (Hz) Load

shedding amount (MW)

1 49.9127 560
2 49.8860 482
3 49.8941 519
4 49.8713 437
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FIGURE 10 | Frequency curves under different UFLS schemes
considering different primary frequency control modes.

the virtual inertia control of the wind turbines or UHVDC, the
calculated H,, in scheme 4 is the least. For another, it can be
inferred from Eq. 10 that the further calculated total amount of
load to be shed AP, ; v is the largest in scheme 1, followed by
scheme 3 and scheme Z; while in scheme 4 is the least. Thus the
steady-state recovery frequency in each scheme has certain
differences.

The simulation results in this case also demonstrate that when
the virtual inertia control of the wind turbines and UHVDC is
taken into consideration, scheme 1 can calculate the actual
magnitude of the power deficiency more precisely and reflect
the effect of the virtual inertia control on UFLS more objectively.
Obviously, the effect is significant.

Impact of Primary Frequency Control of
Wind Turbines and Ultra High-Voltage DC
on Under-Frequency Load Shedding

In this case, to illustrate the impact of the primary frequency
control of the wind turbines and UHVDC on UFLS, design and
contrast four different UFLS schemes: 1) UFLS scheme
considering the primary frequency control of both the wind
turbines and UHVDC; 2) UFLS scheme only considering the
primary frequency control of the wind turbines; 3) UFLS scheme
only considering the primary frequency control of UHVDC; 4)
UFLS scheme without considering the primary frequency control
of wind turbines or UHVDC. Then each of the four schemes is
implemented on the test system with the primary frequency
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TABLE 2 | Results of different UFLS schemes considering different primary
frequency control modes.

UFLS scheme Steady-state frequency (Hz) Load
shedding amount (MW)

1 49.9127 560

2 49.9127 633

3 49.9120 628

4 49.9133 704

control mode corresponding to the scheme itself. The simulation
results are shown in Figure 10 and Table 2.

It can be observed from Figure 10 and Table 2 that, the
steady-state recovery frequency is almost the same in the four
schemes. However, the amount of load to be shed AP, v in
scheme 1 is 560 MW, which is 73 MW, 68 MW, and 144 MW
less than that in scheme 2, scheme 3, and scheme 4,
respectively. This shows that the magnitude of the power
deficiency is partly offset by the primary frequency control
of the wind turbines and UHVDC in schemel, resulting in the
decrease in the amount of load to be shed by 144 MW
compared with scheme 4. Schemes 2 and scheme 3
respectively take into account the primary frequency control
of wind turbines and UHVDC. The part of the magnitude of
the power deficiency offset by the primary frequency control is
less than that in scheme 1. Thus the amount of load to be shed
in scheme 2 and scheme 3 is more than that in scheme 1. As
neither the primary frequency control of the wind turbines nor
of UHVDC is taken into account in scheme 4, more load needs
to be shed to maintain the same steady-state recovery
frequency as that in scheme 1, scheme 2, and scheme 3. To
conclude, the primary frequency control of the wind turbines
and UHVDC has a prominent effect on the steady-state
recovery results and the amount of load to be shed.

Verification of Adaptive Under-Frequency
Load Shedding Control Strategy With Wind
Turbines and Ultra High-Voltage DC
Participating in Frequency Regulation

In this case, simulations are conducted to compare three different
UFLS schemes. Scheme 1 is the scheme proposed in this paper,
which is performed according to the implementation strategy of
UELS in Figure 5. Scheme 2 is the conventional UFLS scheme in
literature (Rudez and Mihalic, 2011). Scheme 3 is the adaptive
UFLS scheme in literature (Song et al., 2014) without considering
the virtual inertia control and the primary frequency control of
the wind turbines and UHVDC. Compare the frequency response
curves and the steady-state results of all the schemes in the
process of UFLS. The simulation results are shown in
Figure 11 and Table 3.

It can be seen from Figure 11 and Table 3 that all the
schemes complete the action process of UFLS through four
stages of load shedding, and the steady-state recovery frequency
is close. However, the load shedding amount in scheme 1 is
evidently less than that in scheme 2 and scheme 3 in each stage

UFLS Considering WTs and UHVDC
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FIGURE 11 | Comparison of different UFLS schemes.

TABLE 3 | Load shedding amount and steady-state frequency of different UFLS
schemes.

Load shedding stages Load shedding amount (MW)

Scheme 1 Scheme 2 Scheme 3
First stage 112 166.2 137.6
Second stage 140 195.25 172
Third stage 140 195.25 172
Fourth Stage 168 234.3 206.4
Total 560 781 688
Steady-state frequency (Hz) 49.9127 49.9781 49.9552

and in total. The reasons for the difference in the load shedding
amount are as follows. On one hand, the actual magnitude of the
power deficiency APy is calculated in scheme 1 considering the
virtual inertia control and the primary frequency control of the
wind turbines and UHVDC. On the other hand, the total
amount of load to be shed AP, ;v is calculated in scheme 1
considering the primary frequency ‘control of the wind turbines
and UHVDC. Thus the simulation results show that when
taking into account the virtual inertia control and the
primary frequency control of the wind turbines and
UHVDC, the load shedding amount can be significantly
reduced on the premise of reaching the steady-state recovery
frequency. Thus it is conducive to the improvement of the
power supply reliability of the power grid and the reduction of
the loss caused by load shedding.

CONCLUSION

This paper proposes an adaptive UFLS control strategy of power
systems with wind turbines and UHVDC participating in
frequency regulation. The following conclusions are obtained
through theoretical research and simulation verification.

1) The virtual inertia control of the wind power and UHVDC has
a significant impact on the frequency dynamic process and
trajectory, resulting in the obvious differences in the
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calculation results of the magnitude of the power deficiency
and the amount of load to be shed, which makes the steady-
state recovery frequency higher.

The primary frequency control of the wind power and
UHVDC can effectively offset part of the power deficiency
magnitude and reduce the load shedding amount.
Compared with the existing typical UFLS strategies, on the
premise of reaching the same level of steady-state recovery
frequency, the strategy proposed in this paper can shed the
least amount of load. Moreover, it can better adapt to the
UEFLS process of the power grid with the wind turbines and
UHVDC participating in frequency regulation.

2

~

3)

This paper takes DFIG-based wind turbines and UHVDC as
examples to discuss the UFLS control strategy. In the future, we
will further study other UFLS improvement strategies
considering frequency regulation of other types of renewable
energy, flexible DC, and energy storage, so as to provide a better
guarantee for the safety and stability of the power grid
frequency.
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